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CORRELATION OF CYLINDER-HEAD TEMPERATURES AND COOLANT HEAT REJECTIONS OF A 
MULTICYLINDER, LIQUID-COOLED ENGINE OF 1710- CUBIC-INCH DISPLACEMENT 

By Bbuce T. Lendin, John H. Potolnt, and Lons J. Chelko 


SUMMARY 

Data obtained from an extensive investigation of the cooling 
characteristics of four multicylinder, liquid-cooled engines 
have been analyzed and a correlation of both the cylinder-head 
temperatures and the coolant heat rejections with the primary 
engine and coolant variables was obtained. The method of 
correlation was previously developed by the NACA from an 
analysis of the cooling processes involved in a liguid-cooled- 
engine cylinder and is based on the theory of nonboiling, 
forced-convection heat transfer. The data correlated included 
engine power outputs from 275 to 1860 brake horsepower; 
coolant flows from 50 to 820 gallons per minute; coolants varying 
in composition from 100 percent water to 97 percent ethylene 
glycol and 8 percent water; and ranges of engine speed, manifold 
pressure, carburetor-air temperature, fuel-air ratio , exhaust-gas 
pressure, ignition timing, and coolant temperature. The 
effect on engine cooling of scale formation on the coolant passages 
of the engine and of boiling of the coolant under various oper- 
ating conditions is also discussed. 

The results of this analysis indicated that the correlation 
method is applicable to multicylinder, liquid-cooled engines 
of the type investigated and permits the prediction of the cylinder- 
head temperature between the exhaust valves within approxi- 
mately ±12° F and of the coolant heat rejection with an 
accuracy of ±5 percent for any operating condition within the 
range of the investigation. 

INTRODUCTION 

An investigation of the cooling characteristics of recipro- 
cating aircraft engines is of importance in order to insure 
satisfactory engine performance at extreme conditions of 
operation. A considerable amount of data on the cooling 
characteristics of various air-cooled engines has been 
published by various investigators but little data have been 
published on the cooling characteristics of liquid-cooled 
engines. 

An extensive research program to determine the cooling 
characteristics of liquid-cooled engines was therefore insti- 
tuted at the NACA Cleveland laboratory in 1943. The 
initial phase of this program consisted of an investigation 
conducted on a single-cylinder engine to provide data for a 
fundamental study of the heat-transfer processes involved. 
The final results of this investigation are reported in refer- 
ence 1 in which an analysis, based on the theory of nonboiling 
forced-convection heat transfer, was made of the cooling 


processes in a liquid-cooled engine. This analysis resulted 
in a semiempirical method, similar to that presented in 
reference 2 for air-cooled engines, of correlating the cylinder- 
head temperatures with the primary engine and coolant 
variables; and this method was successfully applied to the 
data. 

Following the investigation on the single -cylinder engine 
(reference 1), a comprehensive investigation of the cooling 
characteristics of a multicylinder engine of 1710-cubic-ineh 
displacement was conducted. The primary data obtained 
in this investigation are presented in reference 3 in the form 
of plots of the cylinder temperatures and the coolant heat 
rejections against the basic engine and coolant variables. 
In order to determine the applicability of the correlation 
method of reference 1 to a multicylinder engine and to 
obtain in most conveniently applied form a complete formula- 
tion of the principal cooling characteristics of liquid-cooled 
engines, this semiempirical method was employed in slightly 
modified form to correlate both the cylinder-head-temper- 
ature data and the coolant-heat-rejection data of reference 3 
with the primary engine and coolant variables. The results 
of both of these correlations as well as examples of their 
application to a typical problem are presented herein. 

The data used in the correlations presented in this report 
cover wide ranges of engine and coolant conditions including 
engine power outputs from 275 to 1860 brake horsepower, 
coolant flows from 50 to 320 gallons per minute, and coolants 
composed of ethylene glycol — water mixtures ranging in 
composition from 100 percent water to 97 percent ethylene 
glycol and 3 percent water. 

APPARATUS AND PROCEDURE 

The data used in this analysis were obtained from V-1710 
engines set up on a dynamometer stand and are presented 
in curve form in reference 3. The data used in the cor- 
relation of Cylinder-head temperatures were obtained from 
four engines that are designated engines A, B, C, and D in 
reference 3 and herein. Data for the correlation of coolant- 
heat rejections were obtained from engine D only; data from 
engines A, B, and C are not included for this correlation 
because the experimental technique used for these engines 
was not sufficiently refined to provide heat-rejection data of 
the accuracy required for this analysis. The engine models 
used are 12-cylinder, liquid-cooled, V-type engines with a 
displacement of 1710 cubic inches, a 5.5-inch bore, and a 
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6. 0-inck stroke. The compression ratio is 6.65 and the 
engines are fitted with single-stage gear-driven superchargers 
having a gear ratio of 9.6 : 1 and an impeller diameter of 9.5 
inches. The standard ignition system is timed to fire the 
intake spark plugs 28° B.T.C. and the exhaust spark plugs 
34° B.T.C. The valve overlap extends over a period of 
time equivalent to 74° rotation of the crankshaft. 

The cylinder-head temperatures were measured by iron- 
constantan thermocouples installed in each cylinder between 
the exhaust valves, between the intake valves, and in the 
exhaust spark-plug boss at the locations shown in figure 1 
and according to the method described in reference 3. 

A schematic diagram of the cooling system is shown in 
figure 2. Copper-constantan thermocouples, differentially 
connected to a portable precision-type potentiometer, were 
installed at the locations shown in figure 2 for the purpose of 
measuring the coolant temperature rise across the engine and 
the coolant cooling-water temperature rise across the cooler's. 
The coolant flow was measured by means of a venturi 
installed in the main coolant line and the coolant cooling- 
water flow was measured with a calibrated rotameter 
installed in the cooling-water line. Further details of the 
instrumentation and a description of the general setup and 
auxiliary equipment are given in reference 3. 

A summary of the engine and coolant conditions covered by 
the data used for both the cylinder-head-temperature and 
heat-rejection analyses is given in table I. In order to iso- 
late the effect of the engine and coolant variables on both the 
cylinder-head temperatures and the coolant heat rejections, 
one of the conditions was varied in each of the tests, while, 
in general, all the others were held constant. The tests on 
engine A covered typical engine operating conditions varying 
from cruise to take-off power and included data for several 
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Fioubs I.— Installation of cylinder-head thermocouples. 
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Fiquee 2.— Schematic diagram of engine ooolant system. 

coolant flows and temperatures and a rango of engine coolant- 
outlet pressures from 10 to 30 pounds per square inch gage. 
The effects of coolant temperature and engine power on the 
cylinder temperatures were further determined in the part of 
the investigation conducted on engine B. Tests in which 
an aftercooler was mounted on this engine were also made to 
determine the effects of varying the charge flow, the manifold 
temperature, the fuel-air ratio, and the aftercooling condi- 
tions on engine cooling. The part of the investigation on 
engines C and D was conducted to extend the range of 
the cylinder-head-temperature correlation and to provide 
data essential to both correlations that were not obtained on 
the other two engines. 


ANALYSIS 

STMBOLS 

The following symboLs are used in tills analysis: 

A . _ mean area of cylinder wall, (sq ft) 

Bi . . . Bio constants 

c specific heat of coolant, (Btu)/(lb) (°F) 

c„ specific heat of air at constant pressure, (Btu)/ 

(lb) (°F) 

g accleration due to gravity, 32.2 (ft) /(sec*) 

H heat rejected to coolant, (Btu) /(see) 

J mechanical equivalent of heat, 778 (ft-lb)/(Btu) 

k thermal conductivity of coolant, (Btu)/(scc) 

(sq ft) (°F/ft) 

k tt thermal conductivity of cylinder wall, (Btu)/ 

(sec) (sq ft) (°F/ft) 
itifTijS exponents 
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N 

Pr 

T c 

T t 

T„ 

Ta.i 

T t 

T m 

U 

W. 

W t 

Xu, 

Z 




engine speed, (rpm) 

Prandtl number of coolant, cnjlc (dimensionless) 
carburetor inlet-air temperature, (°F) 
effective cylinder-gas temperature, (°F) 
average cylinder-bead (gas side) temperature, 
(°F) 

average cylinder-bead (liquid side) temperature, 
(°F) 

average coolant temperature, (°F) 
dry inlet-manifold temperature, (°F) 
supercharger impeller-tip speed, (ft)/(sec) 
engine charge (air plus fuel) flow, (lb)/(sec) 
coolant flow, (lb) /(sec) 
mean thickness of cylinder wall, (ft) 

Bi factor that accounts for temperature 
k\A 

drop through cylinder head 
absolute viscosity of coolant, (lb) /(ft) (sec) 


DERIVATION OF CORRELATION EQUATIONS 


Consideration of the process by which heat is transferred 
from the hot gases in the engine cylinder to the coolant in 
a liquid-cooled engine indicates that the heat must pass 
through a series thermal path in the following steps: (1) 
from the gases in the cylinder to the gas-side cylinder wall; 
(21 through the cylinder wall; and (3) from the liquid side 
of the cylinder wall to the coolant. In reference 1, the 
following three equations were presented for this series 
thermal path: 

Cylinder gases to wall 


H=B l W c \T t -T>) (1) 

where T t is a function of the fuel-air ratio, inlet-manifold 
temperature, ignition timing, and exhaust pressure. 
Through cylinder wall 


H= 


T h -T Kt 

x a 


k a A 


( 2 ) 


Cylinder wall to coolant 


H=B, Fj) (3) 


Cylinder-head-temperature correlation equation. — In order 
to obtain a single equation expressing the cylinder-head 
temperature T h in terms of the primary engine and coolant 
variables, equations (1) to (3) are combined in such a manner 
as to eliminate H and T i f . This combination of the three 
basic equations of heat flow leads to the following cylinder- 
head-temperature correlation equation: 


jjHt) (irr-)~ z ] klFr), = B ' (W <4) 


where 


A j/r-fi 



and 



In equation (4), the coolant -flow factor W t !n is the 
separated variable, the effect of charge flow being incorpo- 
rated with the temperature parameter. It may be desirable 
in many cases, however, to separate the effect of charge flow. 
By rearrangement of equation (4), the following alternative 
form is obtained in which the charge flow is the separated 
variable: 




The constant B s , the factor Z, and the exponents m, n, 
and s are determined from the test results and the details of 
their evaluation are given later in this report. The signifi- 
cance of other factors appearing in the correlation equation 
or used in the analysis is discussed in a following section. 
When these factors are evaluated, the relations among T h 
and the various engine and coolant operating conditions will 
be completely defined by equation (4) or (5), and these 
equations will then serve to correlate and permit the pre- 
diction of cylinder-head temperatures for any engine and 
coolant operating condition. 

If modes of heat transfer other than normal forced convec- 
tion are predominant or if variables other than those con- 
tained in the correlation equation have an effect on the 
cylinder temperatures, the data may be expected to depart 
from a satisfactory correlation. Two such factors that may 
be encountered in engine operation are boiling of the coolant 
and scale build-up on the coolant passages. The effects of 
these two factors are illustrated in figures to be presented 
subsequently. 

Coolant-heat-rejection correlation equation. — An equation 
expressing the coolant heat rejection H in terms of the 
primary engine and coolant variables is obtained by a recom- 
bination of equations (1) to (3) in a manner similar to that 
used for the derivation of the cylinder-head-temperature 
correlation equation except that, in this case, the variables 
T* and T Kt are eliminated. This recombination of the basic 
equations of heat flow leads to the following heat-rejection 
correlation equation: 

0 (^HTh)- z l HPrV=B ‘ ( t )" (6) 

As for cylinder-head temperature correlation equation (4), 
the coolant-flow factor WJii is the separated variable in this 
equation and the effect of charge flow is incorporated with 
the temperature parameter. A rearrangement of equation (6) 
to place the charge flow as the separated variable gives 
the following alternative form for the heat-rejection correla- 
tion equation: 
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The values of the various constants appearing in equation (6) 
or (7) are evaluated from the data in a manner similar 
to that used for the cylinder-head-temperature correlation, 
as illustrated and subsequently described. When these 
factors are evaluated, the relation between H and the various 
operating conditions will be completely defined by equation (6) 
or (7) and these equations will then serve to correlate and 
permit the prediction of coolant heat rejections for any 
engine and coolant operating condition. 

SIGNIFICANCE OF FACTORS 

Coolant heat rejection H . — The total coolant heat rejection, 
including the heat rejected from both the cylinder heads and 
the cylinder barrels, is used in the heat-rejection correlation 
presented herein. This value of coolant heat rejection was 
determined from the measured flow and temperature rise of 
the coolant cooling water and was corrected for an estimated 
piping loss of 2 percent of the. heat rejected. 

Cylinder temperature T b . — The temperature T h used in the 
correlation of cylinder-head temperatures is the average of 
the temperatures measured between the exhaust valves for 
the 12 cylinders of the engine. This temperature location 
was chosen because it is the most widely used temperature 
for this engine and, being in the hottest region of the cylinder 
head, may be considered indicative of critical cooling condi- 
tions. Although an average cylinder-head temperature is 
indicated in the derivation of equations (4) and (5) and is used 
in the correlation presented in reference 1, a satisfactory 
correlation would be expected for any single temperature 
location. This possibility of satisfactorily correlating the 
temperature of any location is a result of the linear relation 
(reference 3) that exists between temperatures at various 
locations in the cylinder head. 

In order to permit an evaluation of the maximum cylinder- 
head temperature obtained for any operating condition, the 
relation between the average temperature for the 12 cylin- 
ders and the temperature of the hottest cylinder is presented. 

Effective oylinder-gas temperature T t , — The effective 
cylinder-gas temperature T t is the gas temperature effective 
in transferring heat from the cylinder gases to the cylinders, 
and, as previously indicated, is considered a function of the 
fuel-air ratio, inlet-manifold temperature, ignition timing, 
and exhaust pressure. The value of T t for the various 
engine conditions for the correlation of both cylinder-head 
temperatures and coolant heat rejections is determined from 
tests subsequently described and illustrated. 

Dry inlet-manifold temperature T m . — The true inlet- 
manifold temperature in a conventional multicylinder engine 
is difficult to measure because of the presence of unevaporated 
fuel in the charge mixture. For cooling correlations, the 
expedient of using a calculated dry inlet-manifold tempera- 
ture instead of the measured manifold temperature is 
adopted. This dry inlet-manifold temperature is defined 
as the sum of the air temperature at the carburetor inlet 
and the calculated temperature rise of the air incurred in 
passing through the supercharger. This temperature rise 


was calculated on the assumption that thero was no fuel 
vaporization. By assuming a value of 0.90 for the slip 
factor, which is the ratio of the pressure coefficient to the 
adiabatic efficiency of the supercharger, the dry inlet- 
manifold temperature T m may be written as 


T n =T e 


0.96 V* 

t ~JgcT 


( 8 ) 


For the single-stage engines used, this relation reduces to 

T m =T s +25.28( r ^y (9) 


For the tests of the engine fitted with the aftercooler, the 
temperature drop of the chargo mixture incurred in passing 
through the aftercooler was calculated from the heat rejected 
to the aftercooler coolant and subtracted from the manifold 
temperature determined from equation (9). 

Charge flow W e and fuel-air ratio. — The value of charge 
flow TF C was taken as the total charge flow (air plus fuel) to 
the engine, although similar correlations may also be made 
on the basis of the air flow alone. The fuel-air ratio used 
was the mean fuel-air ratio to all cylinders as obtained from 
the total air and fuel flows. 

Coolant flow W, and coolant temperature T t . — The coolant 
flow TT r j was, for simplicity, taken as the total coolant flow 
to both cylinder banks. Although the construction of the 
coolant passages in the engine is such that the flow varies 
considerably from cylinder to cylinder, it is shown in refer- 
ence 3 that changes in the total flow effect proportional 
changes in the flow over any one cylinder. The coolant 
temperature T t was taken as the average of the inlet and 
outlet temperatures of both cylinder banks. 

Physical properties of coolants. — Tho physical properties 
of the coolants (specific heat c, absolute viscosity p, thermal 
conductivity k, and therefore the Prandtl number Pr) were 
evaluated at the average coolant temperature Tt. The val- 
ues used were obtained from reference 4 and are presented 
in convenient curve form in reference 1. 

Constants B u B s , and Z and exponents m, n, and s. -Tho 
constants B u B 3 , and Z and the exponents m, n, and s are 
determined from the test results, and the details of the eval- 
uation of these factors arc given in the following section. 
The values obtained for these constants and exponents, and, 
in addition, the value of T t , will not necessarily bo the same 
for both the cylinder-head-temperaturc and the heat-rejec- 
tion correlations because in the cylinder-head-temperature 
correlation only the cylinder head is involved; whereas in 
the heat-rejection correlation both the cylinder head and the 
cylinder barrel are involved in the transfer of heal to the 
coolant. 


CYLINDER-HEAD-TEMPERATURE CORRELATION 

EVALUATION OF FACTORS 

As previously indicated, the value of the effective gas 
temperature T t at various engine operating conditions and 
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the values of the constant Z and the exponents m, n, and s 
must be evaluated before the correlation equations may be 
used to determine the cylinder-head temperature T h for var- 
ious engine operating conditions. In general, the values of 
these factors are determined independently from analysis 
of test data that are selected to permit a simplification of 
correlation equation (4) as required for this evaluation. The 
details of the evaluation of these factors are described and 
illustrated in the following paragraphs. 

Effective cylinder-gas temperature T t . — The method used 
to evaluate T„ which has been successfully applied to the 
correlation of cooling data obtained for a large number of 
air-cooled engines and the liquid-cooled engine of reference 1 , 
constitutes first the establishment of a reference value of 
T g for a given set of operating conditions and then the 
determination of the variation of T t with each of the perti- 
nent engine conditions. On the basis of previous correla- 
tion work, and in the interest of consistency with other 
cylinder-head-temperature correlations (references 1, 5, 6, 
and 7), a reference value of T f for this correlation of 1150° F 
was chosen for a fuel-air ratio of 0.080, an inlet-manifold 
temperature of 80° F, standard ignition timing (approxi- 
mately m aximum power setting), and an exhaust pressure 
of 30 inches of mercury absolute. Investigation has shown 
that the correlation is insensitive to changes in the magnitude 
of this reference value of T t ; it is important, however, that 
its variation with engine conditions be accurately determined. 

The variation of T, with fuel-air ratio, manifold tempera- 
ture, ignition timing, and exhaust pressure was determined 
from the tests in which these factors were independently 
varied while holding all other engine and coolant conditions 
constant. For such conditions, correlation equation (4) 
reduces to 

7 * t 

rfr — rfr = constant (10) 

ig—J-h 

This constant can be evaluated from the cylinder-head 
and coolant-temperature data obtained at the reference 
operating condition for which the value of T t has already 
been chosen. The variation of T, with each of the afore- 
mentioned variables can then be calculated from the values 
of the constant and the coolant and cylinder-head tempera- 
tures obtained for the range of operating conditions in 
question. Although the value of the constant is dependent 
on the charge flow and coolant conditions of the reference 
operating condition and thus was not the same for each series 
of runs for which the variation of T t was being established 
(see table I), the variation of T, from the chosen reference 
value is independent of the value of the constant and hence 
is valid for any engine charge flow and coolant operating 
condition. 

The variation of T t with fuel-air ratio is shown in figure 3. 
The values of T t presented have been corrected to a dry 
inlet-manifold temperature of 80° F in accordance with a 


relation between the manifold temperature and T s that will 
be subsequently discussed. A maximum value of T t is 
reached at a fuel-air ratio of about 0.067, which is approxi- 
mately equal to the fuel-air ratio for the stoichiometric mix- 
ture. Data obtained from three different engines, one of 
which was fitted with an aftercooler, are included in figure 3 
and close agreement among the three is noted. The varia- 
tions obtained for both the single-cylinder engine of refer- 
ence 1 and the air-cooled engine of reference 5 are also shown 
in this figure. The values of T t for the single-cylinder 
engine are seen to be somewhat lower than those for the 
multicylinder engines of the present investigation, partic- 
ularly in the rich region, but close agreement between the 
multicylinder liquid-cooled and air-cooled engines is evident. 

The variation of T t with the calculated dry inlet-manifold 
temperature T n is shown in figure 4. The data, which are 
presented for three engines and various engine operating 
conditions, have been adjusted to a fuel-air ratio of 0.080 in 
accordance with the relation between T t and the fuel-air 
ratio that is presented in figure 3. As indicated in equation (9), 
the inlet-manifold temperature may be varied by chang- 
ing either the carburetor inlet-air temperature or the engine 
speed. Data obtained from tests wherein each of these 
quantities was independently varied are presented (fig. 4) 
and both sets of data fall on a common curve. An average 



Figcsi 3.— Variation of effective cylinder-gas temperature with fuel-air ratio for cylinder- 
head-temperature correlation. Data corrected to dry Inlet-manifold temperature of 80° F: 
exhaust pressure, 2S-30 Inches mercury absolute; standard ignition timing. 
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change in T t of about 0.25° F per degree Fahrenheit change 
in T m is indicated and correction of T t to other than 80° F 
manifold temperature is therefore made in accordance with 
the relation 
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Figure J.— Variation of effective cylinder-gas temperature with exhaust pressure at several 
fuel-afr ratios for eylinder-head-temperature correlation. Data eorreotod to dry Inlet- 
manlfold temperature of 80° F; standard Ignition timing; englno D. 


Ar,=0.25 (T.-80) (II) 

The effect of exhaust pressure on T t for three values of 
fuel-air ratio and various engine conditions is presented in 
figure 5. These values of T t have been corrected to an 
inlet-manifold temperature of 80° F by means of equation (1 1). 
An increase in exhaust pressure results in an increase in T u 
and, for the range of fuel-air ratios covered, the increase 
is somewhat greater at the lean than at the rich mix- 
tures. A similar effect of exhaust pressure on T g was ob- 
tained in the tests of an air-cooled engine, which are reported 
in reference 6, and also in tests of another liquid-cooled 
engine conducted at this laboratory (data unavailable) . For 
convenience, a cross plot of these curves is shown in figure 0 
in which T t is plotted as a function of fuel-air ratio for 
exhaust pressures of 10, 20, 30, 40, and 50 inches of mercury 
absolute. The curve for an exhaust pressure of 30 inches 



Figure 0— Variation of effective cylinder-fas temporal uro with fud-alr ratio at various 
oxhaost pressures for oyllnder-head-tcmpcrature correlation (obtained from cross plot of 
flg. 5). Data corrected to dry inlet-manifold temperature of 80° F; standard Ignition 
timing; engine D. 


of mercury was obtained from figure 3 and the shape of this 
curve was used as a guide in drawing those for the other 
exhaust pressures. 

The variation of T t with ignition timing for engine speeds 
of 2600 and 3000 rpm is presented in figure 7 as a plot of 
A T g against ignition timing. This variable A T, represents 
the change in effective cylinder-gas temperature from the 
value at the standard ignition timing (exhaust spark plugs) 
of 34° B.T.C. The magnitude of the correction to T, for 
other than standard ignition timing increases positively a9 
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Fiscal 7.— Variation of change in effective cyllnder-gus temperature with Ignition timing 
for cyllnder-head-temperature correlation. Engine D. 


the spark setting is increased or decreased from the normal 
position. The data separate somewhat with engine speed 
for a spark-plug timing later than the normal setting but, 
for simplicity, a single curve has been drawn through all the 
data. 

Exponent n on charge flow. — The value of the exponent 
n on charge flow TT T C was obtained from tests at constant 
coolant conditions in which the charge flow was varied by 
changing the engine speed, manifold pressure, or exhaust 
pressure. For such conditions, equation (4) reduces to 


Tn—Ti 

T t —T h 


=B i W e 


ft 


( 12 ) 


JT 

A logarithmic plot of against W c is shown in fig- 

ure 8 and the slope of the line through the data, which is 
equal to the value of the exponent n, is 0.60. Although the 


absolute value of the factor 


T A -T t 


would be different for 


T t -T k 

different coolant conditions, the slopes of the resulting 
lines would be the same. The data for the runs with a 
coolant flow of 300 gallons per minute were adjusted to a 
flow of 250 gallons per minute to be consistent with the rest 
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rp rp 

of the data by changing the factor tp* io accordance 

with the effect of coolant flow on the cylinder-head tem- 
perature presented in reference 3. Data covering a wide 
range of engine speed, manifold pressure, and exhaust 
pressure are presented for two engines and close agreement 
is noted. 

Factor Z . — The factor Z was determined from tests in 
which the coolant temperature and composition were held 
constant while the coolant flow TT { was varied. For these 
conditions, equation (4) may be written 


(t]~ t») (f?) z ~ Bs G!0 


(13) 


A plot of against 1 jW t , using the previ- 

ously determined values of T t and the exponent n, is shown 
in figure 9 for five different coolant compositions. Extrapo- 
lation of these data to 1/TT{=0 (at which point the value of 

is equal to the Z factor) results in a value 

of 0.13 for Z. Because of. the somewhat arbitrary nature 
of this extrapolation, the final value for Z was chosen by 
drawing curves having the same general shape as those 
presented for a similar plot in reference 1 and then com- 
pleting and plotting a final correlation of all the data- 
(based on equation (4)) using three different values for Z 
in the neighborhood of the value indicated by the curves; 
the value that gave the most satisfactory correlation (0.13) 
was finally chosen. 

In the investigation of reference 3, it was found that the 
cylinder-head temperature, particularly in the exhaust or 
hot side of the head, increased with engine running time 
during the initial operation of the engine. This increase in 
temperature is illustrated in figure 10 and it is noted that 
the temperature between the exhaust valves increased about 
25° F during approximately the initial 100 hours of engine 
running time and remained substantially constant as the 
operating time was further increased. Unlike the variation 
exhibited by this temperature location, the temperature at 



Figube 9.— Determination of lector Z from variation of with I/It'j 

for cyllnder-head-tempcrat ure oorrelatioiL Average coolant temperature, 245° F; engine D. 


U* 

o 



Figure 10.— Variation of average cylinder-held temperature* with engine running time. 
Engine speed, 2300 rpm; manifold pressure, 32 Inches mercury absolute; chug" flaw, I .37 
pounds per seoond; fuel-air ratio, 0,086; carburetor-air temperature, 8T F; coolant, 30-70 
ethylene glycol— water; coolant flow, 300 gallons per minute; average coolant tcmieruttire, 
246° F; standard Ignition timing; exhaust pressure, 29-30 Inches mercury absolute; engine I). 

the exhaust spark-plug boss increased only slightly and the 
temperature between the intake valves remained constant 
over the entire period of the investigation. As discussed iu 
reference 3, an inspection of the coolant passages of a scrapped 
cylinder head revealed scale deposits oil the exhaust side of 
the cylinder head hut none on the intake side. This increase 
in temperature was therefore attributed to the scale deposits 
on the coolant passages. Because the Z factor accounts for 
the temperature drop through the cylinder head, this increase 
in cylinder-head temperature with engine running time will 
be reflected as a similar variation in the Z factor. The value 
of the Z factor (0.13), which was determined after about- 100 
hours accumulated engine running time, is therefore appli- 
cable only for this or greater engine running times. Although 
the final correlation is insensitive to the magnitude of this 
basic value of Z, it is necsesary that the variation of Z, which 
occurs during the initial period of engine running time, be 
accurately determined and included iu the final correlation. 

The variation of Z during the initial period of engine 
running time was determined from cylinder-head-temperalure 
data obtained at a reference operating condition. For this 
reference condition, the coolant conditions were constant; 
accordingly, equation (13) may be written 

constant (14) 

The value of the constant is determined from the substitution 
into the equation of the previously determined value of Z and 
the pertinent engine and coolant- data obtained at 100 hours 
engine running time. The value of Z at other engine running 
times - is then determined from the value of the eonslunl 
and the cylinder-head temperatures obtained at the running 
time under consideration. 

A plot showing the variation of the Z factor for engine D 
with engine running time is presented in figure 11. It can be 
seen that the Z factor increases during the initial engine 
operating time in a manner similar to that for the cylinder- 
head temperature (fig. 10) and that there is no significant 
change in the value of Z after about 100 hours running lime. 
It is expected that this phenomenon will vary from engine to 
engine depending upon the history of operation. The range 
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of conditions and engine running time over which, this varia- 
tion was established is indicated in table I. 

For engine D, the value of Z used in the subsequent cylinder- 
head-temperature correlation plots was deter mi ned from the 
curve of figure 11. For engines A, B, and C, the data were 
insufficient to provide separate evaluation of Z, but most 
of the correlation data provided by these engines were 
obtained after the engines had been run for a considerable 
length of time so a value of 0.13 was used. Because this 
value resulted in satisfactory correlation of the cylinder- 
head-temperature data from engines A, B, and C with those 
of engine D, it may be assumed that the coolant passages of 
these engines were in about the same condition as those of 
engine D after about 100 hours engine running time. 

Exponent m on coolant-flow parameter Wijy .. — The value 
of the exponent m on the coolant-flow parameter Wi/jj. was 
determined from tests in which the coolant temperature and 



Fioce* 11.—' Variation of factor Z for cylinder-head-temperature correlation with taitfal 
engine running time attributed to scale build-up In coolant passages of engine D. 


composition were held constant while the coolant flow IT, was 
varied (s imil ar to data for determination of Z factor!. For 
these conditions, equation (4) may be written 


[GHS (n v)“ ■ z ] k ~ Bt ( ” *) (16) 

A logarithmic plot of the factor ^ — zj k 

against W t /n is shown in figure 12 for five different coolant 
compositions. The slope of the straight lines through these 
data is equal to the exponent on TTV/t. Lines having the 
same slope are drawn through the data for each coolant and 
the value of the exponent m is accordingly established as 0.48. 
This value for the exponent m, which is established from these 
selected data, will, of course, be verified by the slope of the 
line through all the data on the final correlation plot based on 
equation (4). 

Exponent s on Prandtl number Pi. — The value of the 
exponent s on the Prandtl number Pr was determined from 
data for a constant value of W t /p; for this condition, equa- 
tion (4) may be reduced to 


(.T t -Tl) (uy) z _ k - B ^ Pr )~ t (i6) 


The slope of the line determined by a logarithmic plot of 


( T h — T t \ /__! _\_£ 


k against Pr would then establish 


the value of the exponent s. A wide range of Prandtl number 
for this plot may be obtained if data for several different 



Fig rax 12.— Determination of exponent m on coolant-flow parameter TT VA for cyllnder-head- 
temperature correlation from variation of [GBDW-H k with n VM for 
various coolants. Average coolant temperature, 245° F; engine D. 


coolants are used. In order to construct this plot, it is con- 
venient to obtain values of the factor 

[(?M£) (w^)~ z ] k 

from figure 12 for a constant value of Wt/n and then to 
eross-plot the values of this factor against the Prandtl num- 
ber Pr of the different coolants. Data obtained from a cross 
plot of figure 12 at a constant value of Wi/ii equal to 55,000 
is shown in figure 13 and the slope of this line thus establishes 
the value of the exponent s on the Prandtl number Pr as 0.33. 

FINAL CORRELATION 

Final correlation with coolant-flow factor Wjp as in- 
dependent variable. — The final correlation based on equation 
(4), which is obtained by plotting the factor 

against TD/p on logarithmic coordinates for all test data 
for the four engines, is presented in figure 14(a). Although 
the data points scatter considerably, the maximum variation 



PrandH number, , Pr 


Flora* 13.— Determination of exponent , on Prandtl number Pr for cyllnder-head-tempcrBturc 

correlation from variation of t with Pr as obtained from 

cross plot of figure 15 at value for WJft of 55,000. Average coolant temperature, 245° F. 
engine D. 
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Fionas It— Final correlation of cylinder-bead temperatures based on oquatkm (4), 
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in T h resulting from this scatter is not large. A variation in 
2* of ± 12° F for typical engine conditions at normal rated 
power is represented by the dashed lines in the figure, and 
it is seen that almost all the data lie within this band. 

The value of the exponent m, which is obtained from the 
slope of the line through the data, is, as previously deter- 
mined, equal to 0.48 and the value of the constant B t , found 
by substitution of the values of the coordinate of any point 
on the line into the correlation equation, is equal to 0.00163. 
The final equation is accordingly written 

«(?r ° 7) 

and will apply over a considerable range of engine operating 
conditions, coolant temperatures, coolant flows, and coolant 
compositions. 


In order to illustrate the variation in the correlation ob- 
tained among the four engines, the correlation of figure 14 (a) 
is replotted in figure 14(b), using a different symbol for 
each engine. The separation of the data between engines 
is slight and the scatter for one engine is almost as great as 
the total scatter for all engines. 

Final correlation with charge flow W c as independent 
variable. — Correlation of the test data based on equation (5), 


wherein the factor 



is evaluated by using the previously determined values of 
m, s, Z, and B s and plotted against the chaige flow W c , is 
shown in figure 15. A straight line with a slope of —0.60, 
which is equal in absolute value to the value of the exponent 
n on ir c , previously determined, is drawn through the 



Charge flow, /bfsec 


Figcbi is.— F inal correlation of cylinder-head temperatures based on equation (6) . 


924T7S — 51 15 



218 


REPORT 931 — NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 


data. As a result of the different arrangement of the terms 
in this equation, the scatter of the data is considerably 
less in figure 15 than in figure 14; the over-all accuracy 
of the correlation is, of course, the same. 

"When equation (17) is rearranged in accordance %vith 
this plot, the following form is obtained: 


(T t — T h \ [Y0.00163\ / fi°- 4s 
Tj LV W?-* ) \k(Pr)™ 



W e ~ 0M 


(18) 


As previously mentioned, the values of the factor Z for 
engine D used in plotting the final correlation of figures 14 
and 15 were obtained from figure 11. If a constant average 
value were used for Z, the scatter of the data would be in- 
creased from approximately ±12° to about ±22° F, depend- 
ing upon the engine running time. 

In order to facilitate the computation of head temper- 
atures by means of equation (18), values of the coolant- 

/ „0.4S \ 

property parameter are presented in figure 16'for 

various coolant mixtures of ethylene glycol and water over 
a range of coolant temperatures. 

Effect of boiling of coolant on correlation. — It was found in 
the investigation of reference 3 that under some conditions 
of operation a reduction in coolant flow increased the amount 
of boiling of the coolant thus reducing the normal tendency 
of the cylinder-head temperature to increase with reduced 
coolant flow. In order to determine the effect of this boiling 
of the coolant on the head-temperature correlation, the rela- 
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tions given by equation (18) were considered. The left- 
hand side of this equation should normally be a function of 
only charge flow and, if boiling of the coolant were negligible, 
would be independent of the coolant flow. If, however, 
boiling occurs to an appreciable extent, the value of the 
left-hand side of this equation would bo expected to vary 
with the coolant flow. A plot of this parameter against 
coolant flow is shown in figure 17 for two different engine 
operating conditions and several coolant compositions. For 
coolant flows greater than about 100 gallons per minute, the 
value of the plotted parameter is independent of the coolant 
flow, which indicates that boiling of the coolant did not occur 
to a noticeable degree in this range. For coolant flows less 
than about 100 gallons per minute, however, the value of the 
parameter increases with reduced coolant flow (depending 
on the engine power and coolant), which illustrates the tend- 
ency of boiling of the coolant in this range of flow rates to 
reduce the cylinder-head temperature. 

The maximum variation of the parameter plotted in figure 17 
is equivalent to a decrease in head temperature of loss 
than 10° F. Because this variation is within the normal 
scatter of the data, the correlation is not seriously affected 
by boiling for the ranges of variables covered. Extrapolation 
of this correlation to combinations of liigher engine power, 
lower coolant flows, or lower coolant pressures than those 
covered by this investigation vmuld, however, be subject to 
uncertainties and reduced accuracy of prediction of cylinder 
temperatures. 

Eelation between maximum and average cylinder-head 
temperature. — In figure 18, the cylinder-head temperature 
between the exhaust valves of the hottest cylinder is plotted 
against the average temperature of the 12 cylinders at this 
location. Good correlation of these data is obtained for nil 
conditions and for all engines with the maximum cylinder- 
head temperature ranging from 10° to 20° F higher than the 
average temperature. From the correlation of the average 
cylinder-head temperature with the primary engine variables 
and coolant variables given in figure 14 or 15 and from l ho 
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Fioiru 18 .— Relalkra of averaiK cylinder-head temperature between eihanst yalves for 12 cylinders to hottest cylinder temperature measured at same location. 


relation between the maximum and average head tempera- 
tures shown in figure IS, an estimation of the maximum 
cylinder-head temperature between exhaust valves is possible 
for a large range of engine and coolant conditions. 

COOLANT-HEAT-REJECTION CORRELATION 
EVALUATION OF FACTORS 

As previously discussed, the values of the various constants 
and exponents appearing in the correlation equations may 


not necessarily be the same for both the cylinder-head- 
temperature correlation and the coolant-heat-rejection cor- 
relation because only the heat-transfer processes occurring 
in part of the cylinder head are involved in the cylinder- 
head-temperature correlation, whereas the heat-transfer 
processes occurring in the complete engine cylinder are 
involved in the heat-rejection correlation. The method of 
evaluating the various constants and exponents for the 
coolant-heat-rejection correlation is, however, similar to that 
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previously discussed for the cylinder-head-temperature cor- 
relation and the details of their determination are given in 
the following paragraphs. 

Effective cylinder-gas temperature T g . — Because of dif- 
ferences in the heat-transfer processes affecting the cylinder- 
head temperatures and the coolant heat rejections just dis- 
cussed, the reference value of T g of 1150° F that was used for 
the cylinder-head-temperature correlation was considered 
unsuitable for application to a correlation of coolant-heat- 
rejection data. Accordingly, a reference value of T t for the 
coolant-heat-rejection correlation was determined from con- 
sideration of equation (1) 

H=B l W c n (T g -T Jl ) (1) 

The relation between H and T„ for constant W„ and T t is 
obtained from runs in which one of the coolant variables is 
varied while all the engine conditions are held constant. 
These values of H are then plotted against T„ and extrapo- 
lated to zero H; the value of T„ at zero H will then be equal 
to the value of T g at the particular engine operating 
condition. 

The value of T h indicated in equation (1) should be an 
average inside wall temperature for the entire cylinder, but 
inasmuch as the instrumentation was insufficient to provide 
an average wall temperature, the average of the temperatures 
measured between the exhaust valves of the 12 cylinders 
was used. Although the resulting reference value for T, is 
somewhat higher than what would have been obtained if an 
average cylinder temperature were used, this procedure is 
considered satisfactory; as previously mentioned for the 
cylinder-temperature correlation, the accuracy of the final 
correlation depends primarily on the accurate determination 
of the variation of T g with the various engine operatingxon- 
ditions and is insensitive to fairly large changes in its refer- 
ence value. 

The resulting plot of H against T h obtained from runs in 
which the coolant temperature T t was varied for two dif- 
ferent coolants is shown in figure 19. Extrapolation of the 
curves to zero H, at which, point the average head tempera- 
ture is equal to the effective gas temperature, gives an 
initial value for T g of about 750° F for a fuel-air ratio of 
0.095, a dry inlet-manifold temperature of 254° F, an exhaust 
pressure of 29 to 30 inches of mercury absolute, and standard 
ignition timing. When this initial value of T g is corrected 
to the customarily assumed reference conditions of fuel-air 
ratio of 0.080, dry inlet-manifold temperature of 80° F, 
exhaust pressure of 29 to .30 inches of mercury absolute, 
and standard ignition timing in accordance with the rela- 
tions to be presented later, a value of 760° F is obtained. 
Although this reference value of T t for the coolant-heat- 
rejection correlation is considerably lower than the value 
of 1150° F used in the cylinder-head-temperature correla- 



Fiqure 19.— Determination of T, from variation of coolant heat rejection with average 
cylinder-head temperature between eihaust valvca for coolant-hoat-rvjcctlon correlation. 
Coolant flow, 200 gallons per minute; englno speed, 2000 rpm; fuel-air ratio, 0.09J; dry Inlet- 
manifold temperature, 2fit° F; aihaust pressure, 29-30 lnebm mercury absolute; standard 
Ignition timing. 

tions and approaches the value of 600° F used in cylinder- 
barrel-temperature correlations (references 1 and 7), it is 
considered suitable for the present correlation of coolant 
heat rejections in view of tho satisfactory final correlation 
obtained. 

The_ variation of T t with fuel-air ratio, inlet-manifold 
temperature, ignition timing, and exhaust pressure for tho 
heat-rejection correlation is determined in a manner similar 
to that for the head-temperature correlation from the tests 
in which these factors wore each independently varied while 
holding all other conditions constant. For these conditions 
correlation equation (6) becomes 

^j j ^^ constant (19) 

This constant is evaluated from the heat-rejection and 
coolant-temperature data at the operating conditions for 
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Fuel-air ratio 

Figuk 20.— Variation of effective cylinder-gas temperature with fuel-air ratio for coolant- 
heat-relectlon correlation. Data corrected to dry fnletunanlfold temperature of 80* F; 
exhaust pressure, 20-30 Indies mercury absolute; standard Ignition timing. 


which the value of T t has already been established. The 
variation in T t with each of the aforementioned variables is 
then calculated from the value of the constant and the 
heat-rejection and coolant-temperature data obtained at 
the operating condition in question. 

The variation of T t with fuel-air ratio is shown in figure 20. 
The data have been corrected to a dry inlet-manifold 
temperature of 80° F in accordance with the relation between 
T t and T m to be presented later. Although the data points 
do not clearly define a curve in the region of stoichiometric 
fuel-air ratio, the shape of the curve in this region was made 
similar to that determined for similar relations in the cylinder- 
head-temperature correlations. 

The variation of T t with the calculated dry inlet-manifold 
temperature T* is presented in figure 2 1 . These data, which 
include both variable carburetor-air-temperature and vari- 
able engine-speed runs, have been corrected to a fuel-air 
ratio of 0.080 in accordance with the relation between T t 
and fuel-air ratio presented in figure 20. Although there is 
considerable scatter of the data, the trends indicated by both 
types of run are the same. A line through the average of 
the data indicates an increase in T f of about 0.30° F per 
degree Fahrenheit increase in T m ; correction of T t to other 
than 80° F inlet-manifold temperature is therefore made 
according to the following relation: 

A2V=0.30(2 rT lll — 80) (20) 



Figcre 21.— Variation of effective cylinder-gas temperature with inlet-manifold temperature for coolant-heat-rejectlon correlation. All data corrected to fuel-air ratio of 0.080; exhaust pressure, 

20-30 inches mercury absolute; standard Ignition timing. 
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Floras 22.— Variation of effective cylinder-gas temperatnre with exhaust pressure at several fuel-air ratios for coolant-heat-reloctlon correlation. Data corrected to dry Inlet-manEfokl tem- 
perature of 80° F; standard Ignition timing. 


The effect of exhaust pressure on T, for three values of 
fuel-air ratio and a variety of engine conditions is presented in 
figure 22. All the data have been corrected to an inlet-manifold 
temperature of 80° F in accordance with equation (20). 
As for the cylinder-head-temperature correlation, the in- 
crease in T t with increased exhaust pressure is greater at 
the lean than at the rich mixtures for the range of fuel-air 
ratios investigated. For convenience, a cross plot of the 
curves in figure 22 is shown in figure 23 in which T g is plotted 
as a function of fuel-air ratio for various exhaust pressures. 
The curve for an exhaust pressure of 30 inches of mercury 
was obtained from figure 20 and served as a guide for the 
fairing of the other curves. 

The variation of T g with ignition timing for engine speeds 
of 2600 and 3000 rpm is presented in figure 24 as a plot of 
A T g against ignition timing. This curve has a minimum at 
an exhaust spark-plug timing of about 30° B.T.C. and increases 
as tho spark is advanced or retarded from this setting. 

Exponent n on charge flow W 0 and constant Sj. — The 
value of the exponent n on charge flow W e and the constant 
B t were obtained from the series of runs at constant coolant 
conditions in which the charge flow was varied by changing 
either the manifold pressure or engine speed. (A summary 
of the conditions for these runs is given under variable charge 


flow in table I.) For such conditions, correlation equation (G) 
reduces to 

constant (21) 

According to this equation, a plot of 1/11' c* against 
(T f — T f )/H on rectangular coordinates would define a straight 
hue having a slope equal to the value of B t provided that 
the value of n were properly chosen. Because this method 
requires a trial-and-error solution and may not be as sensitive 
as desired, a second method of determining n and Bi based 
on equation (1) was used. 

According to equation (1), a plot of W c against Ilj{T t — T k ) 
on logarithmic coordinates would result in a line having a 
slope equal to n and a value of B\ determined from the 
coordinates of any point on the line. These values of n and 
Si may then be verified for use in equation (21), as previously 
discussed. Such a plot is shown in figure 25, wherein initial 
values. of 0.94 for n and 0.37 for are obtained. 

The plot of l/W* against (T t — Ti)jH , wherein the initial 
value of 0.94 was substituted for n, is presented In figure 20. 
A straight line having a slope of 0.37 satisfactorily represents 
the data and thus the values of 0.94 for n and 0.37 for B\ are 
verified. Close agreement is seen to exist between the vari- 
able inlet-manifold-pressure and variable engine-speed data. 
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Fr&cms 23.— Variation of effective cylinder-gas temperature with fnel-air ratio for various 
exhaust pressures Cor coolant-heat-rejection correlation (obtained (ran cross plot of flg. 22). 
Data corrected to dry inlet-manifold temperature of 80“ F; standard Ignition timing. 



Figcbe H — Variation of change in effective cylinder-gas temperature with Ignition timing 
for coolant-heat-rejection correlation. Fuel-air ratio, 0.095. 


Factor Z . — For the operating conditions of constant coolant 
temperature and composition and variable coolant flow TTj, 
which provide data for the determination of the factor Z, 
equation (6) reduces to 

B '(^r)~’h~ z=B ‘ (ttJ < 22 > 
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Fig ore 25. — Dete rminat ion of exponent n and constant £u or coolant-heat -rejection correla- 
tion from variation of H}{T t —Tk) with. We. Fuel-air ratio, 0.096; exhaust pressure, 29-30 
Inches mercury absolute; standard ignition timing. 



Figure 26. — Variation. of lfWJ* M with Fuel-air ratio, 0.095; exhaust pressure, 

29-30 inches mercury absolute; standard Ignition timing. 


/rp ij7\ 

Inspection of this equation indicates that Z=Bi ( 

Ijv-j when |jv-=0; therefore a plot of B x /~TT* 

against using the previously determined values of B lt n, 


and T f would give an indication of the value of the Z factor 
when extrapolated to zero 1/JT*. Such a plot is shown, in 
figure 27 for five different coolants at two engine powers and a 
value of 0.12 is indicated for Z. As for the cylinder-head- 
temperature correlation, several values in the neighborhood 
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of 0.12 were chosen for Z and used in trial correlation plots; 
the value that gave the most satisfactory coiTelation (0.12) 
was finally used. 

Although it would be expected that the scaling of the 
coolant passages in the hot regions of the cylinder head 
(illustrated by the temperature curves of fig. 10) would have 
an effect on the coolant heat rejection similar to that which 
it had on the cylinder-head-temperature correlation (fig. 11), 
no such effect could be detected within the accuracy of the 
data. It is likely, however, that the effect of this scaling 
on the heat-rejection correlation is less than those for the head- 
temperature correlation because the scale was deposited in 
only a portion of the cylinder head and thus would not have 
as great an effect on the total coolant heat rejection as it did 
on the cylinder-head temperature between the exhaust 
valves. 

Exponent m on coolant-flow parameter Wife . — For the 
determination of the exponent m on the coolant-flow param- 
eter Wi//x, data similar to that used for the determination of 
Z are used and equation (6) may be accordingly written 

[*' ( V^)-iw-- z ] (t)” < 23) 

A logarithmic plot of the factor 

[ 0 - 37 (^)-w™-° 12 ]* 


against T V t jn, in which the absolute value of the slope of the 
straight line through the data will be equal to the exponent 
m, is shown in figure 28 for five different coolants. Lines 
having the same slope are drawn through the data for each 
coolant and the value of the exponent m is thus established 
as 0.26. This value of the exponent m, which is established 
from selected data, will he verified by the slope of the lino 
through all the data in the final correlation plot based on 
equation (6). 

Exponent s on Prandtl number Pc . — The value of the 
exponent s on the Prandtl number Pr was determined from 
data for a constant value of IfV/t, which permits the reduc- 
tion of equation (6) to 

^ W c x z\k=B l 0{Pr)~‘ (24) 

The slope of the line determined by a logarithmic plot of 
[^0.37 ~~ ip'W - 0- 1 2J k against Pr would then es- 

tablish the value of the exponent s. 

Following a procedure similar to that used in tho head- 
temperature correlation, values of tlio factor 


°- 37 
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are obtained from figure 28 for each of the coolants at a 
constant value of Iiy^t and are then cross-plotted against 
the Prandtl number Pr for the different coolants. Data so 
obtained from a cross plot of figure 28 at a constant value 
of TTj/p equal to 55,000 are shown in figure 29 and the slope 
of the resulting line establishes the value of the exponent s 
on the Prandtl number Pr as 0.38. 

FINAL CORRELATION 

Final correlation with coolant-flow factor Wi[y. as in- 
dependent variable. — The final correlation based on equa- 
tion (6), which is obtained by plotting the factor 



Fiat'BJE 28.— Determination of exponent m on coolant-flow parameter TTt/M to r coolant-heat- 

r 1 "I W, 

rejection correlation Horn variation of I 0-37 ( — — — ) 9 H 0.12 1 1 with — for 

various coolants. Average coolant temperature. 246“ F. 


[o.37 (^^)-n7H-0.12]4(P7-)°-“ 

against W t /fi on logarithmic coordinates for all the data, is 
presented in figure 30. Although the data points scatter 
considerably, the variation in terms of the coolant heat 
rejection is not excessive. Dashed lines representing a 
variation in heat rejection of ±5 percent are drawn on the 
figure and practically all the data are seen to fall within 
these limits. The effect of boiling of the coolant on this 



Figure 29. — Determination of exponent a on Prandtl number Pr for coolant-heat- rejection corro- 
Iation from variation of [^0-37 * wftl1 ^ ■» obtained from 

cross plot of Bgure 28 at value of ~ of 53,000. Average coolant temperature, 243* F. 
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correlation, which, as illustrated in figure 17, had a small 
influence on the cylinder-head-temperature correlation, 
could not be detected within the accuracy of the data. 
Because the region in which boiling of the coolant occurred 
was probably limited to a relatively small area of the cylinder 
head, it would be expected to have a much smaller effect on 
the total coolant heat rejections than on the cylinder-head 
temperatures. 

The value of the exponent m, which is equal to the absolute 
value of the slope of the line through the data, is, as pre- 
viously determined, equal to 0.26, and the value of the 
constant B s , found by the substitution of the values of the 
coordinates of any point on the line into the correlation 
equation, is equal to 0.000302. The final equation is 
accordingly written 


*(W M =0.000302 ” 

(25) 

and will apply over the range of engine operating conditions 
and coolant conditions listed in table I. 

Final correlation with charge flow W e as independent 
variable. — Correlation of the test data based on equation (7), 
which is obtained by plotting the factor 



against W c on logarithmic coordinates, is presented in 
figure_31. A straight line with a slope of —0.94, which is 
equal to the value of the exponent on 1I T , previously deter- 
mined, is drawn through the data. Wien equation (25)*is 
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Floral 32.— Variation with coolant temperature of coolant-property parameter 
for coolant-heat-rejectlon correlation. 


rearranged in. accordance with this plot, the following form 
is obtained : 


property terms of equation (18) results in greater con- 
venience of application. 

The dry inlet-manifold temperature is computed from 
the carburetor-air temperature and the engine speed by 
means of equation (9) as follows : 

T.= T.+ 25.28 (i)’ 

- 60 + 25 ' 28 (SJ 

=288° F 

In order to determine the effective cylinder-gas tempera- 
ture T t , a value of T t is first determined from figure 6 as 
1069° F for a fuel-air ratio of 0.095, an exhaust pressure of 
40 inches of mercury absolute, standard ignition ti min g, 
and a dry inlet-manifold temperature of 80° F. The cor- 
rection for an ignition timing of 40° B.T.C. is obtained from 
figure 7 as 24° F. For a dry inlet-manifold temperature of 
288° F, the correction to T t is determined from equation (11) 

AT*=0.25 (T.-S0) 


0 , 7 (^)-(— ) G^,)-o, 2 -nv~ 


(26) 


= 0.25 (288 — 80) 
=52° F 


In order to facilitate the computation of coolant heat 
rejections by means of this equation, values of the coolant- 
property parameter fi 0M /k ( Pr ) °- 38 are presented in figure 32 
for various ethylene glycol — water solutions over a range 
of coolant temperatures. 

USE OF CORRELATION EQUATIONS 

In order to illustrate the use of the correlation equations, 
the following example is presented: 

The maximum cylinder-head temperature between the 
exhaust valves and the coolant heat rejection are to be 


determined for the following conditions: 

Engine charge flow (air plus fuel), Ib/sec 3. 0 

Engine speed, rpni 3000 

Fuel-air ratio 0.095 

Carburetor-inlet air temperature, °F 60 

Exhaust pressure, in. Hg absolute 40. 0 

Ignition timing (exhaust spark plugs), deg B.T.C 40 

Accumulated engine running time, hr Over 100 

Coolant flow, lb/sec 30. 0 

Average coolant temperature, °F.. 250 

Coolant composition, ethylene glycol — water (percent by 
volume) 30-70 


Determination of maximum cylinder-head temperature. — 
The average cylinder-head temperature is first evaluated 
from equation (18) and the ma ximum cylinder-head temper- 
ature then determined from figure 18. Although either 
equation (17) or (18) may be used to evaluate the average 
cylinder-head temperature, the grouping of the coolant- 


The value of T t is then determined by algebraically adding 
the corrections for ignition timing and manifold temperature 
to the value obtained from figure 6. 


T t = 1 069 + 24 + 52 = 1 145° F 

Because the variation of Z with engine r unning [time 
was shown to be constant at a value of 0.13 (fig. 11) for any 
engine running time over 100 hours, this constant | value is 

/ n 0AS \ 

used. The coolant-property parameter * s deter- 

mined from figure 16 for the specified coolant and coolant 
temperature as equal to 164. . 

Substitution of the values of the various parameters into 
equation (18) 

(^E|)[(^P)( iR ^ 3 )+z]-ir,-- (is) 

gives the following: 


(^) <164)+0.13]-3.0 

2.839 T h +T h = 1145+2.839X250 


—0.60 


T*=4S3°F 


For this value of the average cylinder-head temperature, the 
maximum cylinder-head temperature between the exhaust 
valves is found to be 499° F (fig. 18). 
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Deter mination of coolant lieat rejection. — As for the 
cylinder-head temperature, the determination of the coolant 
heat rejection is most conveniently accomplished by using 
the equation in which the charge flow is the separated 
variable ; equation (26) will therefore be used. 

As previously calculated for the cylinder-head-temperature 
determination, the dry inlet-manifold temperature is 288° F. 
A value of T, for a fuel-air ratio of 0.095, an exhaust 
pressure of AO inches of mercury absolute, standard ignition 
timing, and a dry inlet-manifold temperature of 80° F is first 
determined from figure 23 as 716° F. The correction for an 
ignition timing of 40° B.T.C. is obtained from figure 24 as 
14° F. For a dry inlet-manifold temperature of 288° F, 
the correction to T, is determined from equation (20). 

A7>=0.30 (T m -8 0) 

=0.30 (288-80) 

=62.4° F 


The value of T t is then determined by algebraically 
adding the corrections for ignition timing and manifold 
temperature to the value obtained from figure 23. 

3^=716+14+62.4=792.4° F 

/ 0.20 \ > 

The coolant-property parameter is determined 

from figure 32 for the specified coolant and coolant temper- 
ature and is equal to 964. 

Substitution of the values of the various parameters into 
equation (26) 



(26) 


gives the following: 
0 37 ( 792^250 


(964)— 0.12=3.0-“ * 


--0.120-0.12=0.3561 


33=336.6 Btu per second 


SUMMARY OF RESULTS 

Am analysis of the data obtained from multicylinder, 
liquid-cooled engines of 1710-cubic-inch displacement, which 
included power outputs from 275 to 1860 brake horsepower, 


coolant flows from 50 to 320 gallons per minute, and coolants 
composed of ethylene glycol — water mixtures varying in 
composition from 100 percent water to 97 percent ethylene 
glycol and 3 percent water gave the following results: 

1. The NACA correlation method, which is based on the 
theory of heat transfer by normal forced convection, pro- 
vided satisfactory correlation of both the cylinder-head 
temperature between the exhaust valves and the coolant 
heat rejection with the primary engine and coolant variables 
for a wide range of engine and coolant conditions. 

2. The correlation method as applied herein permitted 
the prediction of the cylinder-head temperature between 
the exhaust valves within approximately ±12° F and of 
the coolant heat rejection with an accuracy of ±5 percent. 

3. Boiling of the coolant, which was encountered at several 
engine powers under certain conditions of coolant flow, 
coolant temperature, and coolant composition, was found 
to have an effect on the cylinder-head temperatures. For 
the ranges of variables covered in this investigation, how- 
ever, this boiling of the coolant did not seriously affect the 
cylinder-head-temperature correlation and had no detectiblc 
effect on the heat-rejection correlation. 


Flight Propulsion Research Laboratory, 

National Advisory Committee for Aeronautics, 
Cleveland, Ohio, August SI, 1948. 
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